Abstract The objective of this study was to evaluate the effect of increased levels (0.0, 0.1, 0.2, 0.4, and 0.8%) of a combination of β-glucans and mannanoligosaccharides (MOS) in isonitrogenous (23% of digestible protein) and isoenergetic (13.38 MJ of digestible energy kg -1 ) pacu diets, corresponding to five treatments and four replicates. A 30-day feeding trial was conducted to assess the effects on growth performance, hematological parameters, and intestinal morphology. Fish (n = 160, 30.92 ± 0.46 g) were distributed randomly in 20 aquaria (300 L) with a recirculating water system with controlled temperature (26.20 ± 0.32°C) and fed four times a day until apparent satiation. A quadratic effect (P < 0.05) was observed for weight gain (WG), feed conversion ratio (FCR), and protein efficiency ratio (PER). The hepatosomatic and viscerosomatic indexes, hematocrit, hemoglobin, mean corpuscular volume (MCV), and mean corpuscular hemoglobin concentration (MCHC) did not show differences (P > 0.05) among treatments. Pacu fed β-glucans and MOS at 0.1 and 0.2% resulted in the greatest (P < 0.05) villus height and perimeter. The diet containing 0.2% β-glucans and MOS promoted the best growth response, feed efficiency, and intestinal morphology, without detrimental effects on the hematological parameters for juvenile pacu.
Introduction
Aquaculture has grown exponentially in the last decades. During the 2005-2014 period, fish culture production grew at 5.8% per year (FAO 2016) . Production of aquatic animals from aquaculture in 2014 was 73.8 million metric t, and fish culture contributed 49.8 million metric t to this total (FAO 2016) . To meet these increasing demands for fish, aquaculture systems are becoming more intensive. However, aquaculture intensification requires high stocking densities and routine handling, subjecting aquatic species to several stress conditions, which can negatively affect the health and growth (Shrimpton et al. 2001) . Thus, the use of some feed additives with immunological and growth enhancement proprieties in fish diets is important to mitigate these deleterious effects.
Feed additives originated from yeast Saccharomyces cerevisiae and its co-products such as autolyzed yeast and yeast cell wall (primarily β-glucans and mannanoligosaccharides-MOS) have been successfully evaluated in fish diets as a growth promoter for hybrid striped bass Morone chrysops × M. saxatilis (Li and Gatlin 2003) , Nile tilapia Oreochromis niloticus (Hisano et al. 2007; Signor et al. 2010; Selim and Reda 2015) , pacu Piaractus mesopotamicus (Watanabe et al. 2010) , as well as an immunostimulant for gilthead seabream Sparus aurata (Ortuño et al. 2002) , and hybrid striped bass (Li and Gatlin 2004) , reducing the injuries associated to intensive management.
Commercial isolated β-glucans and/or MOS are derived from yeast cell walls. According to Hough (1990) , yeast cell walls are composed of 40.0% of β-glucans, 40.0% α-mannans, 8.0% protein, 7.0% lipids, and 3.0% inorganic substances. In fish, β-glucans are considered an immunostimulant that act on non-specific defense mechanisms, inducing phagocytic activity of macrophages (Engstad 1993; Paulsen et al. 2001; Gopalakannan and Arul 2010) , as well as the release of lysozymes, cytokines, interferons, and leukocyte migration through macrophage activation (Secombes and Fletcher 1992) . MOS are glucomannoprotein complexes and has prebiotic and immunostimulant properties that can prevent (direct and indirect) colonization of pathogenic bacteria and increase the immunological status of fish by inducing intracellular signaling cascades that may enhance the production of proinflammatory cytokines (Staykov et al. 2007; Torrecillas et al. 2007; Ringø et al. 2010; Song et al. 2014) .
Furthermore, MOS maintain the intestinal microbiota balance (Ringø et al. 2010; Patel and Goyal 2012) , and their use isolated or in combination with β-glucans improves the intestinal morphology of the microvilli structure and absorptive surface in fish (Hisano et al. 2006; Dimitroglou et al. 2009; Schwarz et al. 2010; Selim and Reda 2015) . However, few studies have been evaluated a combination of β-glucans and MOS as a supplement in fish diets (Selim and Reda 2015) .
Pacu P. mesopotamicus culture is increasing in tropical and sub-tropical regions due its desirable zootechnical characteristics, such as good growth, rusticity, and meat quality, which are highly appreciated by consumers (Castagnolli and Zuim 1985) . In Brazil, pacu and its hybrids were some of the main indigenous species cultured in 2015 (IBGE 2015) .
Thus, this study aimed to evaluate the effects of graded levels of dietary combined β-glucans and MOS on the growth performance, hematology, and intestinal morphology of juvenile pacu.
Materials and methods

Ingredients and experimental diets
Five isonitrogenous (23% of digestible protein-DP) and isoenergetic (13.38 MJ kg -1 digestible energy-DE) diets were formulated based on the digestible values presented by Abimorad et al. (2008) for pacu. The same level of digestible lysine, methionine, threonine, calcium, and phosphorus was maintained for all experimental diets (Table 1) .
Dietary ingredients were ground in a knife mill (Marconi MA340, Piracicaba, SP, Brazil) to achieve a 0.5-mm particle size and then weighed and mixed in a Y vertical mixer (Marconi MA201, Piracicaba, SP, Brazil), moistened with approximately 20% water and processed into 2.5-mm-diameter pellets in a laboratory pelletizer (G Paniz MCR22, Caxias do Sul, RS, Brazil). The yeast polysaccharide feed additive was primarily composed of β-1.3/1.6-glucans and MOS (Glucan-MOS®) and was produced and provided by YesSinergy do Brasil : vitamin A 500,000 UI, vitamin D3 250,000 UI, vitamin E 5000 mg, vitamin K3 500 mg, vitamin B1 1.000 mg, vitamin B2 1.000 mg, vitamin B6 1000 mg, vitamin B12 2000 mg, niacin 2.500, folic acid 500 mg, biotin 10 mg, vitamin C 10,000 mg, choline 100,000 mg, inositol 1000 mg, selenium 30 mg, iron 5000 mg, copper 1000 mg, manganese 5000 mg, zinc 9000 mg, cobalt 50 mg, iodine 200 mg b Estimated values based on digestible nutrients determined by Abimorad et al. (2008) c Analyzed values according to AOAC (2000) Agroindustrial Ltda, Campinas, SP, Brazil. According to the manufacturer, these polysaccharides were obtained from yeast (S. cerevisiae) cell walls and contained more than 30% of the total weight was β-glucans (23.9% of 1.3 and 1.6 β-glucans) and 12% was MOS. β-glucans and MOS were included in the diets at levels of 0.0, 0.1, 0.2, 0.4, and 0.8% in substitution of corn (Table 1) , totalizing five treatments each with four replicates. Diets were dried in a forcedair oven (55°C for 24 h) (Marconi MA035, Piracicaba, SP Brazil) and stored under refrigeration (5°C) until use.
Fish, experimental conditions, and feeding
All experimental protocols were approved by the Committee for Ethics in Animal Experimentation of Universidade Estadual de Mato Grosso do Sul (protocol n°014/2013). Juvenile pacu were obtained from a commercial fish farm, acclimated to the experimental system, and fed the control diet (with no β-glucans and MOS) for 1 week. After this period, 160 fish were anesthetized with benzocaine (100 mg L −1 ), weighed individually (30.93 ± 0.46 g), and randomly distributed in 20 aquaria (300 L) which had a laboratory water recirculation system (4 L min −1 per aquarium) including individual valve control, a physical and biological filter (1500 L), a digitally controlled temperature, electrical resistance (5000 W), and supplementary aeration (746 W). The total water volume of the recirculation system was 4800 L and the replacement rate was 80% per hour. Fish were hand-fed until apparent satiation at 08:00, 11:00, 13:00, and 16:30 for 30 days. Diets were weighted daily prior to the first and after the last feeding to calculate the amount of diet consumed. At the end of trial, all fish were weighed individually to calculate the following parameters: weight gain (WG) = (final body weight (g) − initial body weight (g)); feed conversion ratio (FCR) = feed intake (g) / WG (g); specific growth rate (SGR, % day −1 ) = 100 × (ln final weight (g) − ln initial weight (g) / days of the trial); protein efficiency ratio (PER) = WG (g) / protein intake (g). Dissolved oxygen (6.21 ± 0.54 mg L −1 ), temperature (26.20 ± 0.32°C), and pH (7.11 ± 0.21) were measured daily, prior to the first feeding (08:00), using a multiparameter (U-50, Horiba, Minami-ku, Kyoto, Japan). Total ammonia (0.02 ± 0.01 mg L −1 ) was measured weekly using a commercial kit (Hach, Loveland, CO, USA). All water quality parameters were measured in one aquarium per treatment of the water recirculation system.
Cleaning management was periodically realized by siphoning and renewing 20% of the total volume of the system. The values of the water quality parameters found in this study were considered adequate for pacu (Castagnolli and Zuim 1985) .
Hematological procedures
At the end of the growth trial and after 24 h fasting, three fish per aquarium, 12 fish per treatment (n = 60) were anesthetized with benzocaine (100 mg L −1 ) for weighing and blood collection. The blood samples were collected by caudal puncture using a syringe containing EDTA (3%), and the blood was placed in polypropylene tubes (1.5 mL) that were maintained between 5 and 7°C until processing. The percentage of hematocrit was determined by the microhematocrit method (Goldenfarb et al. 1971) , and samples were processed in a microhematocrit-centrifuge (NI 1807 Nova Instruments, Piracicaba, SP, Brazil) for 5 min and 10,000 rpm. Hemoglobin was determined using the cyanomethemoglobin method (Gold Analisa Diagnóstica, Minas Gerais, Brazil), and erythrocyte counting was conducted after blood dilution (1:200) in formalin-citrate solution using a Neubauer hemocytometer. The MCV and mean corpuscular hemoglobin concentration (MCMC) were also calculated (Wintrobe 1934) . Total plasma protein (TPP) was determined by the refractometry method.
Somatic index and histological analyses
Fish (two per aquarium; eight per treatment; n = 40) were euthanized with benzocaine (300 mg L
−1
). The liver and viscera were weighed to determine the hepatosomatic index (HSI) and viscerosomatic index (VSI) which were calculated without liver weight. Crosssection cuts were collected from the medial region of intestine, dissected, and washed with paraformaldehyde (10%) before being fixed in paraformaldehyde (10%) for 24 h at room temperature. After this period, intestine fragments were washed in running water for 12 h and subsequently immersed in 70% ethanol until processing. The samples were dehydrated in graded ethanol series, cleaned in xylene, and embedded in paraplast. The intestine was sectioned at 5 μm thickness and stained with hematoxylin and eosin (H&E) for histological analysis. Images were obtained from the H&E stained sections (Nikon Eclipse E200MV, Infinity 1 Camera) of the intestines, and morphometric measurements were performed using an Image Analysis System (Image J 1.49f software). From each intestine section, two segments were analyzed. The intestinal morphological variables evaluated were villus perimeter, villus height, villus thickness, crypt depth, and villus: crypt ratio according to Pryor et al. (2003) , Hisano et al. (2006) , and Schwarz et al. (2010) . The measurements from each animal were then averaged to estimate a mean value for each variable per treatment (40 measurements per parameter for each treatment).
Statistical analysis
Percentage data were transformed using arcsine √x. All data were subjected to normality and homogeneity test. If the assumption of normality and homogeneity was met, data were subjected to one-way analysis of variance (ANOVA). Polynomial regression was used to evaluate growth performance. The blood parameters, somatic indices, and intestinal morphometry values were subjected to Tukey's test. A significance level of P < 0.05 was used. Data are expressed as mean values ± SD. All statistical analyses were performed using SPSS (version 11.5.).
Results
During the experimental period, the survival rate was 100% for all treatments. The growth performance variables are shown in Table 2 . WG showed a quadratic effect (Ŷ = − 21.144x 2 + 8.817x + 26.612; R 2 = 0.99, RMSE = 4.67), with an optimum estimated β-glucans and MOS level of 0.21%. FCR and PER also showed a quadratic effect with the regression equations (Ŷ = 0.760x 2 − 0.310x + 1.770; R 2 = 0.48, RMSE = 0.26; Ŷ = − 2.014x 2 + 0.982x + 2.390; R 2 = 0.45, RMSE = 0.41), respectively. Estimated optimum levels of both equations were not considered due to low coefficient of determination of equations. However, the best responses in FCR and PER were observed at 0.1 and 0.2%.
For fish fed 0.1 and 0.2% β-glucans and MOS, the villus perimeter of showed the highest values and differed statistically (P < 0.05) from the control and 0.8% treatment; however, it did not differ from the 0.4% treatment (Table 3 ). The villus height of animals fed the control diet was inferior (P < 0.05) compared to the other treatments. Pacu fed diets with 0.4% β-glucans and MOS exhibited the highest villus thickness and differed (P < 0.05) from the 0.2 and 0.8% treatments (Table 4 ). No differences in the crypt depth and the villus:crypt ratio were observed (P > 0.05) among treatments.
The HSI, VSI, hematocrit, hemoglobin, MCV, and MCHC did not show any differences (P > 0.05) among different treatments (Table 4) . On the other hand, pacu fed a diet containing 0.2 and 0.4% β-glucans and MOS exhibited the highest values of red blood cells (RBC) and statistically (P < 0.05) differed from the 0.8% and control treatments (Table 4 ). The total plasmatic protein (TPP) of juvenile pacu fed diets containing 0.4% β-glucans and MOS had the highest value but was similar to the 0.1 and 0.2% treatments; however, it differed (P < 0.05) from the control and 0.8% treatment.
Discussion
The results of the present study indicate that pacu fed with 0.1 and 0.2% β-glucans and MOS exhibited best growth and feed efficiency responses. These results agree with those that evaluated primarily β-glucans and MOS (in association) from yeast cell walls at similar dietary levels for Nile tilapia fed 0.3% yeast cell wall (Hisano et al. 2007 ) and fed 0.3% β-glucans and MOS (Selim and Reda 2015) . On the other hand, supplementation with β-glucans or MOS individually did not have a positive effect on the growth performance parameters for tambaqui Colossoma macropomum fed increased levels of β-glucans (Chagas et al. 2013) , Nile tilapia fed 0.1-0.2% β-glucans (Whittington et al. 2005) , tilapia and pacu fed increased levels of MOS (Sado et al. 2008 (Sado et al. , 2014a , and gilthead sea bream fed 0.2-0.4% MOS (Dimitroglou et al. 2010) . The contradictory results among the different studies using β-glucans or MOS either isolated or in combination could be related to the different fish species, developmental stage (Pryor et al. 2003) , feed period, dietary levels, different commercial products, and experimental conditions.
The direct mechanism of dietary β-glucans and MOS on growth performance is not totally clear. β-glucans induce an intestinal immune response that contributed to an improved resistance against pathogens and in consequence, improved growth (Kühlwein et al. 2014) . MOS has a proven prebiotic effect and its principal role of action is through the modulation of intestinal microbiota by promoting the growth of lactic acid bacteria in the intestine, thus 1.47 ± 0.08 1.38 ± 0.20 1.88 ± 0.47 2.00 ± 0.28 PER 2.14 ± 0.11 2.62 ± 0.14 2.82 ± 0.43 2.14 ± 0.46 1.95 ± 0.25 SGR (% day Values are expressed by mean ± SD of four replicates (aquarium). Means of two fish per aquarium. Different letters in the same line indicate significant difference (P < 0.05) among treatments by Tukey's test decreasing the colonization of pathogenic bacteria (Andrews et al. 2009 ). It is feasible that the association of β-glucans and MOS enhanced these positive effects and contributed to improved growth performance and feed efficiency of pacu fed 0.1 and 0.2% β-glucans and MOS. Dietary combined β-glucans and MOS at levels of 0.1 and 0.2% positively affected (P < 0.05) the villus height and perimeter of pacu. Similar results were observed in channel catfish Ictalurus punctatus fed diets 0.2% (β-1.3/1.6-glucans and MOS) on improvement in the villus height (Zhu et al. 2012) , Nile tilapia fed 0.1% of yeast cell wall (primarily β-glucans and MOS) resulting in enhancement of villus perimeter (Hisano et al. 2006) , and fed 0.3% of β-glucans and MOS with improvement in intestinal villus height and microvillus density (Selim and Reda 2015) . On the other hand, no differences in intestinal morphology were observed for pacu fed graded levels of MOS (Sado et al. 2014a ) and Gulf of Mexico sturgeon Acipenser oxyrinchus desotoi fed 0.3% MOS (Pryor et al. 2003) .
According to Zhu et al. (2012) , the intestine plays an important role in nutrient digestion and absorption, and digestive function correlates with intestinal developments that can improve intestine surface area for nutrient absorption by increasing the intestinal villus height. Furthermore, the improvement in apparent digestibility coefficient (ADC) for dry matter was observed for Nile tilapia fed 0.3% of dietary yeast cell wall (primarily β-glucans and MOS) (Hisano et al. 2008 ) and for red drum Sciaenops ocellatus fed 0.1% of MOS for ADC of protein and energy (Zhou et al. 2010) . Thus, the positive correlation of enhancement in villus height and perimeter with nutrient uptake also explain the best responses on growth and feed efficiency for pacu fed 0.1 and 0.2% of β-glucans and MOS.
In the present study, the HSI and VSI showed no difference (P > 0.05) among all treatments. Similar observations were reported by Genc et al. (2007) for hybrid tilapia (O. niloticus × O. aureus) fed increased levels of MOS. In contrast, Dimitroglou et al. (2010) observed that fish fed diets with 0.2-0.4% MOS in fish meal based diet exhibited a lower HSI; however, histological examination appeared not affect hepatocyte glycogen deposition. According to Jobling (2001) , changes in energy reserves can be determined through these indices, which may indicate the energy balance in fish, as energy reserves in fish can be in the liver, muscle, and viscera fat. No differences in these indices were expected, since the diets were formulated to be isonitrogenous and isocaloric. A few studies have investigated the effects of dietary β-glucans and MOS on hematological parameters. The hematocrit, hemoglobin, and hematimetric indices as well as the MCV and MCHC did not show differences (P > 0.05) among treatments. In accordance with the present study, Sado et al. (2008) also did not observe differences in the hematological parameters of Nile tilapia fed 0, 0.2, 0.4, 0.6, 0.8, and 1% MOS and neither did Welker et al. (2007) for channel catfish fed diets containing 2.0% MOS. On the other hand, the RBC count and TPP concentration showed statistical significant differences. Similarly, Sado et al. (2014b) reported that RBC and TPP of pacu were significantly affected by graded MOS levels. According to the same authors, an increase in TPP can indicate better immunological status, since lysozyme and complement factors represent a fraction of TPP. Although some variations were observed, all blood parameters analyzed in this study were within the normal range reported for juvenile pacu in a semi-intensive fish culture system (Tavares-Dias and Mataqueiro 2004).
Research evaluating a combination of dietary yeast polysaccharides (β-glucans and MOS) is still scarce. Supplementation with both polysaccharides in pacu diets boosted the responses for growth, feed efficiency, and intestinal morphology, indicating a synergic effect in pacu. However, more research is necessary to elucidate the associated and isolated effect of β-glucans and MOS in several fish species. Dietary supplementation with 0.2% β-glucans and MOS for 30 days promoted better growth responses, feed efficiency, and intestinal morphology, with no detrimental effects on hematological parameters for juvenile pacu.
